The relationship between CTO morphology and vessel remodelling is unclear. We described chronic total occlusion (CTO) morphology using coronary computed tomographic angiography (CCTA) combined with intravascular ultrasound (IVUS).
Introduction
Chronic total occlusions (CTOs) are composed of fibrous tissue, atheroma, calcified tissue, small vascular channels, and organized thrombus.
1,2 These tissue differences are considered to affect the success of percutaneous coronary intervention (PCI). Coronary computed tomographic angiography (CCTA) and intravascular ultrasound (IVUS) are useful to understand lesion complexity and morphology in vivo. 3, 4 Positive remodelling has been seen more often in patients with acute coronary syndromes and has been associated with plaques containing a large lipid core, macrophages, and rupture 5, 6 Conversely, negative remodelling is common in stable coronary artery disease. 7 Like in non-CTO lesions, remodelling has also been reported in CTOs; and negative remodelling has been reported as a predictor of PCI failure. 8, 9 We hypothesized that CCTA and IVUS CTO lesion analysis would indicate a range of underlying morphologies, including remodelling, and that these morphologies might provide information regarding their pathogenesis and response to PCI.
Methods

Patient population
Between January 2007 and August 2014, 137 de novo native coronary artery CTO lesions (135 patients) underwent pre-procedural CCTA and IVUS after successful guidewire crossing. Four lesions in which the IVUS catheter could not be advanced beyond the CTO and three lesions with inadequate CCTA were excluded. Finally, 130 lesions (128 patients) were evaluated in the current study. The interval between CCTA and PCI was 58 + 59 days (median 41 days). All procedures were performed by a single expert interventional cardiologist at three hospitals in Asia. Patient demographic data were confirmed by hospital chart review. CTO was obstruction of a native coronary artery with no luminal continuity and with Thrombolysis In Myocardial Infarction flow grade 0 having an estimated occlusion duration .3 months. 10 Written informed consent was obtained from all patients.
CCTA protocol and image reconstruction
Patients underwent CCTA using a 64-slice CT scanner (Aquilion 64, Toshiba Medical Systems, Tokyo, Japan; or SOMATOM Sensation 64, Siemens Healthcare, Forchheim, Germany) in 60 patients or a secondgeneration, 128-slice, dual-source CT scanner (SOMATOM Definition Flash, Siemens Healthcare) in 68 patients. One hour pre-examination, patients received oral beta-blocker to reduce the heart rate. Sublingual nitroglycerin was administered prior to the scan (0.3 mg dose). CCTA images were acquired using either a retrospective electrocardiogram (ECG)-gated protocol or prospectively with ECG-triggering depending on patient heart rate. A bolus of 370 mg/mL iodinated contrast material was injected intravenously at 3 -6 mL/s followed by a 30 mL saline flush. The reconstructed slice thickness was 0.5, 0.6, or 0.75 mm with a 0.3 mm increment.
CCTA analysis
CT data were transferred to an offline workstation (Aquarius, TeraRecon, Foster City, CA). Maximum intensity projections and crosssectional and curved multiplanar reformations (cMPRs) were analysed by experienced observers. CTO segment remodelling was assessed visually using cMPRs in long-axis and short-axis views compared with proximal reference segments. The total occlusion length was measured on cMPRs from the proximal to the distal margins of the occluded segment defined by disappearance of luminal continuity. Calcium had a density .130 Hounsfield units (HU) and was brighter than the surrounding vessel wall in ≥2 independent planes. 11 Calcium length was the sum of all of the lengths of calcium in the CTO segment. Plaques were visually classified as: (i) non-calcified plaque: no detectable calcium; (ii) mixed plaque: calcified tissue occupying ,50% of a single cross-section within the CTO segment; (iii) calcified plaque: calcified tissue occupying ≥50% of a single cross-section within the CTO segment ( Figure 1A -C) . Signet ring-like appearance was defined as a semicircular thin hyperdensity (CT density .130 HU) along the outer contour of the vessel wall ( Figure 1D ).
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Angiographic analysis
Cine-angiograms were analysed with a computer-assisted, automated edge-detection algorithm (CMS, Medis, Leiden, Netherlands) by an independent observer who was blinded to the clinical, CCTA, and IVUS findings. The length of occlusion was measured during either antegrade or retrograde (with simultaneous bilateral injections) filling of the distal vessel. Collateral flow was graded according to Rentrop's classification. 13 Other variables such as calcification, bending, bridging collaterals, and stump morphology were reported using standard definitions. 14 
PCI procedures
Guidewires were used in a stepwise progression, starting with a soft or a hydrophilic guidewire and progressing to stiffer guidewires. The retrograde approach 3 was attempted if the anterograde approach was unsuccessful and collaterals appeared to be appropriate; however, in 15 cases the retrograde approach was attempted first because of a failed previous attempt or because the operator felt that there was a low probability of success with the antegrade approach.
IVUS imaging and analysis
IVUS examination was performed after 0.2 mg of intracoronary nitroglycerin immediately after guidewire crossing (seven lesions) or after dilation with a 1.5-to 2. Co-registration of CCTA and IVUS was performed using fiduciary points such as sidebranches and calcifications. Subintimal wiring was an IVUS catheter location in the subintimal space defined as a lumen without three arterial wall layers. Haematoma was an accumulation of a typical, crescent-shaped, homogeneous, hyperechoic structure. Calcium was hyperechoic (brighter than the adventitia) with acoustic shadowing. Attenuated plaque was ultrasound attenuation of deeper arterial structures despite the absence of bright calcium. Post-stenting minimum stent CSA (MSA) was measured. Stent expansion was MSA divided by average reference lumen CSA.
Clinical follow-up
Patients were followed for 12 months. Major adverse cardiac events (MACE) were a composite of cardiac death, myocardial infarction (MI), or target vessel revascularization. MI was defined according to the recommendations of the ESC/ACCF/AHA/WHF task force. 16 Target vessel revascularization was repeat revascularization of the treated vessel driven by symptoms or non-invasive testing.
Statistical analysis
The statistical analysis was performed with SPSS version 20.0 (IBM, Armonk, NY). Continuous variables were presented as medians and first and third quartiles and compared using the Kruskal -Wallis rank sum test. Categorical variables were expressed as frequency (%) and compared with x 2 statistics or Fisher's exact test. Friedman's test was used to test the occlusion length difference among quantitative coronary angiography (QCA), CCTA, and IVUS. A Bonferroni adjustment was used to control for multiple comparisons among the three groups and was performed only if the P-value for the overall three-group test was ,0.05. Inter-and intra-observer variability of proximal and distal end of CTO and CTO length by IVUS were assessed using the intra-class correlation coefficients (ICC) with 95% confidence interval (CI) in 25 cases (PR, 10 cases; non-PR, 10 cases; collapse, 5 cases) by two independent observers and by the same observer at two separate time points. Measurement length differences between the two observers have been presented with a mean + SD. P-value ,0.05 was considered statistically significant.
Results
Based on pre-PCI CCTA, positive remodelling [PR; maximum vessel diameter in the CTO segment greater than the proximal reference vessel diameter (RVD)] was seen in 44 (33.8%). In the other 86 lesions, 74 (56.9%) had a minimum CTO segment vessel diameter .50% of the proximal RVD and were classified as non-positive remodelling (non-PR); and 12 (9.2%) had a minimum CTO segment vessel diameter ≤50% of the proximal RVD and were classified as collapse. Examples are shown in Figures 2 -4 . In two patients having two CTO lesions, one patient had two non-PR lesions; and one patient had a PR and a non-PR lesion.
As shown in Table 1 , patients in the collapse group were youngest (median age 55.0 years), followed by PR (median age 64.5 years) and non-PR groups (median age 67.0 years) (P ¼ 0.005). Of note, none of the patients in the collapse group had a history of MI compared with 38.6% of the PR and 35.1% of the non-PR groups (P ¼ 0.04).
As shown in the CCTA data in Table 2 , calcified plaque was more often seen in non-PR lesions while non-calcified plaque was more common in collapse lesions. A signet ring-like appearance was more common in lesions with PR (25.0%, P ¼ 0.02). The mean CT density of three randomly selected regions of interest within the collapsed segment (where the minimum vessel diameter was ≤50% of the proximal RVD) was 38.5 HU [22.0, 68.7] during contrast infusion and not enhanced ( Figure 4F ).
Angiographic and procedural details
As shown in Table 3 , the collapse group showed a trend towards a reduced frequency of multivessel disease. Angiographic calcification was more common in the non-PR (39.2%) compared with the other two groups (P ¼ 0.003). Table 4 . In the collapse group, 8 of 12 (66.7%) lesions were revascularized with a retrograde approach, the highest frequency among the three groups (P ¼ 0.03). Conversely, an antegrade approach was more commonly used in the PR and non-PR groups (75.0 and 63.5%). Mean stent diameter trended larger in the PR group. Fluoroscopic time and radiation exposure were higher in the collapse than in the PR group.
IVUS analysis
As shown in Table 5 , the IVUS remodelling index was greatest in the PR group, intermediate in the non-PR group, and smallest in the collapse group, confirming CCTA remodelling classifications.
The maximum atheroma CSA within the CTO was greatest in the PR group (16. , respectively) than the other groups (proximal reference plaque burden, P ¼ 0.001; distal reference plaque burden, P , 0.001). In the collapse group, IVUS showed an occluded segment with advanced plaque proximally and a normal-appearing vessel distally corresponding to the collapsed segment observed by CCTA ( Figure 4B) ; the minimum plaque burden measured 33.2% [19.9, 38 .1] with a smooth concave shaped lumen surface ( Figure 4F-2) .
The maximum CTO segment arc of calcium was greatest in the non-PR group (918 [51, 174]); and the maximum CTO segment arc of attenuated plaque was greatest in the PR group (518 [0, 167]).
IVUS images corresponding to the signet ring-like appearance on CCTA showed plaque with deep calcium or attenuated plaque ( Figure 1D-3) . Presumably, CCTA deep calcification was not seen by IVUS because of superficial attenuated plaque. (A and B) . Maximum CTO segment vessel diameter was not larger than the reference (C, D-1, and E-1), and minimum vessel diameter was ≤50% the size of the reference (C, D-1, and F-1). CCTA-MIP (B) showed a long no-enhancement segment (solid arrow). Although there was no contrast enhancement at the collapsed segment (dotted arrow), the corresponding IVUS image at the collapsed segment, performed after predilatation with a 2.0 mm balloon (F-2) had little plaque burden with a smooth lumen border; and advanced plaque confirmed IVUS (E-2) was seen only at the proximal portion by CCTA (B, arrowheads). Figures 1 and 2 The discrepancy between IVUS vs. QCA-measured or CCTAmeasured CTO length in the collapse group was explained by the IVUS finding that the distal portion of the QCA-measured or CCTA-measured CTO length was underperfused and not occluded.
Acute procedural outcome and MACE
Subintimal wiring and intramural haematoma were more often seen in the non-PR and collapse groups. Final MSA was larger in the PR compared with the non-PR and collapse groups (P ¼ 0.003); however, there were no statistically significant differences in MACE among the three groups (PR, 6 [13.6%]; non-PR, 6 [8.3%]; collapse, 1 [8.3%], P ¼ 0.62).
Discussion
The main findings of the present study are as follows. CTO lesions had several remodelling patterns as defined by pre-PCI CCTA: PR, non-PR, and collapse. Each CCTA remodelling pattern was substantiated by IVUS and was associated with distinct underlying IVUS morphologies.
CTO lesions with PR had the greatest atheroma CSA, more IVUS attenuated plaque, and more signet ring-like appearance by CCTA. Previous IVUS studies have showed a relationship between PR and vulnerable plaques such as lipid-rich plaque, macrophages, and underlying plaque morphology of plaque rupture or attenuated plaque. 5, 6, 17, 18 Thus, the lesion characteristics in the current PR group seemed to be related to underlying unstable plaques and prior plaque rupture and thrombus formation. Nakazawa et al. 12 reported that a CCTA signet ring-like appearance was more frequent in patients with transient no-reflow during PCI. CTO lesions in the non-PR group had the greatest plaque burden in the proximal and distal reference segments and more calcified plaque in the CTO segment and were seen in older patients with more prior MI. Thus, non-PR CTO lesion characteristics are suggestive of advanced plaque of long duration.
CTO lesions with CCTA evidence of vessel collapse had the least amount of plaque both in the proximal and distal reference segments and in the CTO lesion itself; collapse lesions also contained the least amount of calcium and were seen in the youngest patients with infrequent MVD and no history of MI. Thus, we believe that the morphology of CTO lesion collapse is different from non-PR and represents less advanced atherosclerosis, perhaps erosions with thrombosis. Erosions occur more frequently in younger patients with moderately diseased arteries and less calcification. 19 Moreover, the collapse group was distinctly different from the typical negative remodelling seen in non-CTO lesions because the collapsed segment was seen distal to the occluded segment, and there was no advanced plaque within the length of the collapsed site.
CCTA prior to CTO-PCI
CCTA use in treatment planning prior to PCI of CTO lesions has been reported, 3, 4 including characteristics associated with PCI success. 20 In the current study, the collapse group needed more retro- fluoroscopic times) vs. the other two groups. Ehara et al. 8 reported that shrinkage (abrupt narrowing of the distal portion with a cross section ,1 mm) was a significant predictor for wiring failure. In this current study, there was a significant difference in occlusion length among CCTA, QCA, and IVUS-especially in the collapse group. Notably, IVUS CTO length of the collapse group was shorter than measured by CCTA or QCA implying that the CTO segment length was exaggerated whether assessed by CCTA or angiography and that the presumed CTO lesion was not occluded with advanced atherosclerosis, but was occluded because of vessel collapse at the time of CCTA because CCTA within the collapsed segment showed no contrast enhancement. 21 
Limitations
First, this was a retrospective study with a modest number of patients treated by only one operator, and the number of lesions in the collapse group was small. Secondly, the interval between CCTA and IVUS may have resulted in a change in lesion characteristics. Thirdly, IVUS was performed after guidewire crossing sometimes with pre-dilation with a 1.5-to 2.5-mm balloon, which may have affected lesion structure, including length measurements. Fourthly, it was difficult to differentiate plaque from thrombus. Fifthly, this study included only successful wiring cases; therefore, our findings might not be applicable to all CTO cases.
Conclusions
Pre-PCI imaging with CCTA and IVUS shows that CTO lesions are not monolithic with regard to underlying lesion morphology. The combination is useful for a more complete assessment of CTO lesion morphology compared with either modality alone. Assessment of CTO by CCTA and IVUS
